Abstract: Pure niobium metal, produced by alumino-thermic reduction of niobium oxide, contains various impurities which need to be reduced to acceptable levels to obtain aerospace grade purity. In the present work, an attempt has been made to refine niobium metals by electron beam drip melting technique to achieve purity confirming to the ASTM standard. Input power to the electron gun and melt rate were varied to observe their combined effect on extend of refining and loss of niobium. Electron beam (EB) melting is shown to reduce alkali metals, trace elements and interstitial impurities well below the specified limits. The reduction in the impurities during EB melting is attributed to evaporation and degassing due to the combined effect of high vacuum and high melt surface temperature. The % removal of interstitial impurities is essentially a function of melt rate and input power. As the melt rate decreases or input power increases, the impurity levels in the solidified niobium ingot decrease. The EB refining process is also accompanied by considerable amount of niobium loss, which is attributed to evaporation of pure niobium and niobium sub-oxide. Like other impurities, Nb loss increases with decreasing melt rate or increase in input power.
Introduction
It is well established that properties of wrought niobium and its alloys depend to a large extent on the purity of the raw material [1] [2] [3] . In particular, Nb and its alloys become brittle if the interstitial impurities such as O, N, H and C are not kept sufficiently low. Further, the interstitial impurities have a marked adverse effect on room temperature ductility, ductile to brittle transition characteristics, weldability and workability. The processes by which the raw materials are produced have significant influence on the content of interstitial impurities. Electron beam melting (EBM) process is the most common and single way of preparing high purity Nb ingots from impure niobium which is normally available in the form of granules/chunklets or powder [4] . In EB melting, harmful impurities (alkali metals, trace elements) and interstitials impurities are removed by evaporation and degassing due to the combined effect of high vacuum and high melt surface temperature [5, 6] . The degree of purification during electron beam melting depends on process parameters such as the melt rate (which, in turn, controls the residence time of metals in the molten state), vacuum level and power input (which influences melt superheat). In addition, temperature distribution, chemical reactions, and volume and geometry of molten metal play a significant role in degree of refining [7, 8] . Recently Vassileva et al. and Vutova et al. have carried out extensive experimental work on EB melting of reactive and refractory metals scraps to refine and produce high-quality metals and they have analyzed thermodynamic conditions for EB refining of reactive metals (Ti, Zr and Hf) containing high concentration of oxygen [7, 9] .
Several different processes like cold hearth melting, pool melting and drip melting have been developed using highly flexible electron beam heat sources to fulfill the specific melting and refining requirements [10] . Among these, EB drip melting processes are essentially used for producing high purity niobium and tantalum. EB drip melting is carried out by feeding raw the material in the form of a consumable electrode.
The residual impurity elements (Fe, Ni, Ti Si, Mo and Al) present in impure niobium are removed by evaporation, because at the melting temperature of Nb, these residual elements exhibit much higher vapor pressure (20 to 200 torr) as compared to the operating vacuum levels of EB melting (10 −3 to 10 −4 torr) and their evaporation rate at the metal surface in the crucible is highest [11] . Traditionally, impure niobium is melted twice or thrice to produce Nb ingots meeting the ASTM B391-96 reactor grade specification [11, 12] . Melting twice or thrice to obtain the required purity is often cumbersome and costly and may result in excessive parent metal losses. Hence, it is desirable to produce niobium ingots of required purity in one single step of EB melting by proper selection and optimization of the process parameters. In the present work, EB melting experiments were carried out with different melt rates and power inputs using 60 mm and 80 mm diameter crucibles to produce Nb ingots in a single step of EB melting. These experiments were conducted using consumable electrodes produced by cold isostatic pressing (CIP) and vacuum sintering. The degree of purification of the EB melted ingots was correlated to the process parameter such as melt rate and input power, while the vacuum was maintained constant. Another important aspect of the EB melting process is the loss of the parent metal. The vapor pressure of Nb at typical operating temperatures is close to vacuum levels generally maintained in the EB melt chamber. Therefore, some amount of Nb is expected to be lost due to evaporation. The loss of Nb by evaporation has also been studied here by measuring the weights of input raw material and the EB refined ingot as a function of the melt rate and the input power.
Experimental procedure
The niobium powder used in the present work was imported from Hunan Huasheng Industrial and Trading Co. Ltd, China, with powder particle size characteristics as d 10 The impure Nb electrodes prepared by cold isostatic pressing and vacuum sintering were drip melted in 60 kW laboratory scale EB melting furnace. The EB drip melting was carried out at different melt rates and powers in 60 mm and 80 mm diameter water cooled copper crucibles by feeding the CIPed and sintered electrodes horizontally. The beam was deflected in a concentric pattern over the melt surface to provide uniform surface temperature. The EB process parameters used for melting niobium electrodes are shown in Tables 1 and 2 . For each experiment weight of CIPed and sintered electrode and EB melted ingot were measured. Two melts were performed for each experimental condition.
The chemical compositions (impurity elements) of Nb powder, CIPed and sintered electrodes and electron beam melted ingots were determined. The samples for chemical analyses of electron beam melted ingots were taken from different locations of transverse section of each ingot (Figure 1 ), and the mean value and standard deviation of each analysis were reported. All the metallic impurities were analyzed by inductively coupled plasma optical 
emission spectroscopy method (ICPOES). The carbon and hydrogen contents were analyzed by LECO carbon and sulfur analyzer. The analysis of oxygen and nitrogen were carried out using Leco Oxygen and Nitrogen Gas Analyzer.
Results and discussion
The chemical analyses of impure Nb powder, CIPed and sintered impure Nb powder compacts as well as that of EB processed Nb ingots of 80 mm diameter produced at a constant power input of 45 kW but with different melt rates are presented in Table 3 . It may be noticed that there is significant reduction in hydrogen content (from 800 ppm to 25 ppm) after CIPing and sintering which may be attributed to high vacuum during sintering. The results from Table 3 clearly indicate that iron, nickel, silicon, titanium and molybdenum reduced to less than 50 ppm from initial content of 660 ppm, 170 ppm, 150 ppm, 900 ppm and 150 ppm, respectively even at the highest melt rate of 5.0 kg/h. Aluminum level decreased from 200 ppm to less than 20 ppm. Thus, it appears that at the given power input level of 45 kW, highest possible melt rate can be adopted for the removal of all impurity elements (except oxygen) to the required levels. Only when the melt rate was reduced to 1.5 kg/h, the oxygen content reduced to below the specified limit. At the melt rate at 2.5 kg/h, the O level reached the threshold limit. The chemical analyses of 60 mm diameter Nb ingots produced at three power levels of 45, 37 and 30 kW by electron beam melting at different melt rates along with the analysis of impure Nb powder and electrodes are presented in Table 4 . In this case too, significant reduction in hydrogen was noticed during vacuum sintering. The highest melt rate used in this case was 3.5 kg/h. At a power input of 45 kW and melt rate of 3.5 kg/h, the impurity elements iron, nickel, silicon, titanium and molybdenum have been reduced to less than 50 ppm from their initial higher levels (Table 4 ) and also the aluminum content was reduced from 200 ppm to less than 20 ppm. There was no reduction in the concentration of tungsten and tantalum (Tables 3 and 4 ). This is because the vapor pressures of these elements are lower (10 −5 to 10 −6 torr) compared to the operating vacuum levels of EB melting. As in case of 60 mm diameter ingots, the combination 45 kW beam power and melt rate of 2.5 kg/h could only reduce the O levels below the threshold limit. The analyses of interstitial impurities present in 80 mm diameter EB melted Nb ingots produced at constant power of 45 kW with different melt rates (different residence time of the Nb in molten state) are presented in Figure 2 . Similarly, the analyses of interstitial impurities present in EB melted Nb ingots of 60 mm diameter produced at three power levels of 30, 37 and 45 kW (adopting different melt rates for each power level) are presented in Figure 3 . The analyses of interstitial impurities present in Nb ingots of 60 mm diameter produced at constant melt rate but with different beam power are presented in Figure 4 .
Removal of interstitial impurities (O, N, C and H) is found to be essentially a function of melt rate which, in turn, decides the residence time of the Nb in molten state (Figures 2 and 3) . As the melt rate decreases, the residence time of the Nb in molten state increases resulting in greater removal of these interstitial impurities from the ingot. The decrease in O and N is more significant as compared to C and H.
The removal of interstitial impurities is also a function of beam power for given melt rate (Figures 3 and 4) . Hence, as the power increases, concentrations of O, N, C and H in the ingot decrease. The decrease of oxygen and nitrogen is more significant as against C and H. For a given melt rate, as the power increases, the melt superheat increases promoting more evaporation of impurities.
The removal of gaseous impurities dissolved in Nb is generally governed by the reversible equilibrium represented by Sievert's law of dissolution of gases in the metal [12] . Gaseous interstitial impurities such as nitrogen and hydrogen are removed by degassing during EB melting, because the equilibrium pressure of these gaseous species over the solution at the melting temperature of Nb (2,469ºC) is quite high as compared to the operating vacuum levels of EB melting (10 −3 to 10 −4 torr).
Whereas equilibrium vapor pressure of oxygen is very low as compared to the operating vacuum levels of EB melting (10 −3 to 10 −4 torr). It has been reported that oxygen may be removed from the compacted electrode either by formation and removal of carbon monoxide due to reaction of oxygen with carbon (2C þ O 2 ¼ 2CO) or by the formation of volatile niobium sub-oxides (NbO and NbO 2 ) [11, 13] . The oxygen dissolved in the liquid metal combines with the Nb to form NbO and NbO 2 according to the reactions:
The vapor pressures of the gas mixtures of NbO and NbO 2 are quite high, indicating a large evaporating tendency of niobium sub-oxides. Reaction between carbon and oxygen to form CO is predominant in the temperature range 1,600-1,800 o C, while volatilization of sub-oxide occurs above 1,800 o C. In the present work, removal of oxygen may be attributed to both mechanisms. The carbon is removed from the molten Nb only by reaction with oxygen forming CO (2C þ O 2 ¼ 2CO) and subsequent degassing. The chemical analysis of 60 mm and 80 mm diameter Nb ingots produced at constant power of 45 kW and 2.5 kg/h melt rate clearly indicates that all the residuals and interstitial impurities are well below the required levels (Tables 3 and 4) . It is also observed from the current experiments that process parameters (45 kW and 2.5 kg/h) to produce required purity Nb ingot of 60 mm and 80 mm diameter are the same and do not appear to depend on the crucible diameter in the range of diameters studied, which is not very significant.
It may be seen from the preceding discussion that higher power input and lower melting rate are preferred for better removal of impurity and interstitial elements. However, the same conditions promote greater loss of niobium due to evaporation. The loss of niobium increased with decreasing melt rate at constant power for 60 and 80 mm diameter niobium ingots (Table 5 and Figure 5 ). It was also observed that loss of niobium increased with increase in power at constant melt rate ( Figure 5 ). The loss of niobium may be attributed to the evaporation of niobium sub-oxides and pure niobium. Niobium sub-oxides have very high vapor pressure as compared to vacuum levels in the melt chamber and vapor pressure of pure niobium (1.8 Â 10 −3 torr) is very close to the vacuum levels in the melt chamber [14] . The evaporation of niobium depends on the surface temperature of the liquid metal, time of the Nb in the molten state and vacuum level in the melt chamber. At constant power, as the melt rate decreases, residence time of the Nb in molten state increases and hence loss of Nb due to evaporation increases. At constant melt rate, increase in power increases the surface temperature of the molten niobium which, in turn, increases the loss of niobium metal. At the required maximum melt rate of 2.5 kg/h for the input EB power of 45 kW to produce required low impurity levels, the loss of niobium metal was found to be about 15%.
Conclusions
The chemical analysis of 60 mm and 80 mm diameter Nb ingots produced at constant electron beam power of 45 kW and 2.5 kg/h melt rate clearly indicates that all the alkali metals, trace elements and interstitial impurities reduced to well below the specified limits. Removal of interstitial impurities is found to be essentially a function of the melt rate and the beam power. As the melt rate decreases at constant power or input power increases at constant melt rate, the removal of impurities from impure niobium rod increases.
The loss of niobium during EB melting is attributed to evaporation of pure niobium and niobium sub-oxides. The loss of niobium is a function of melt rate and input power. As melt rate decreases at constant power or input power increases at constant melt rate, the loss of niobium increases. At the required maximum melt rate of 2.5 kg/h and the beam power of 45 kW to produce required low impurity levels, the loss of niobium metal was found to be 15%.
Thus, it has been demonstrated through this work that it is possible to produce niobium ingots of required purity in one single step of melting by operating the EB melting process under the appropriate process parameters. In other words, multiple steps of EB melting can be avoided. This was achieved by reducing the melt rate of the consumable electrode to 2.5 Kg/h at a power input of 45 kW. This is considered as a significant achievement keeping in view the additional costs involved in multiple steps of EB melting. 
